the power and energy density required for electric traction. The commercial application of this battery is hindered mainly by a limited cycle life, caused by dendrite formation and shape change of the zinc electrode. It has been found that amalgamation of the zinc electrode accelerates shape change [34] .
The function of the amalgamation, however, is to hinder the formation of hydrogen. As discussed below, several mechanisms have been proposed for the zinc reaction, based on contradictory experimental results. For the amalgamated electrode as used in actual battery systerns even less information is available. In order to gain mare insight in the effect of the amalgamation on the kinetic behaviour of the zinc electrode, both the zinc electrode and the amalgamated zinc electrode were studied with the galvanostatic transient technique in 1.5-10 M KOH.
REVIEW OF PREVIOUS WORK
Several mechanisms for the zinc electrode were proposed. One of them, that of Dirkse and Hampson, _ . . r-_ _-. In this mechanism, written for the anodic process, INTRODUCTION retion (D.11) is rate-determining at very short times. On a longer time scale (> 10 ws) or at high overpoten-Zinc is used in a variety of alkaline batteries because of tial, the formation of kink sites, associated with its high energy density and its ability to be discharged reaction (D.I), becomes rate-determining.
The mechat high current densities[l, 23. One of these battery anism is based on galvanostatic transient measure- Dirkse has also pointed out that the ionic strength of the electrolyte must play an important role [12, 151. At high KOH concentration (Z 4 M) there is almost no "free" water because it is almost totally attached to the ions present. This will have a strong effect on the activity coefficient of the OH--ion.
Dirkse therefore has carried out some measurements at constant ionic strength (with the aid of KF, for F-is isoelectronic with OH-) jn order to maintain the water activity constant.
A second mechanism is that of Bockris et al. In this mechanism, reaction (B.111) is the rate-determining step (RDS), both in anodic and cathodic direction. The first two steps of the mechanism (8.1
+B.II)
are derived from theoretical arguments. Bockris rf al. come to their conclusions on the basis of galvanostatic and potentiostatic transient measurements in O.l-3 M KOH, both at very low and high overpotentials.
Compensation for the IR-drop was found to be necessary even using a special reference electrode construction in which this electrode could be placed as close as 0.0025 cm to the working electrode. The results of the potentiostatic and the galvanostatic experiments were identical. Bockris et ol. also determined reaction orders with respect to OH-and Zn(OH):-, in both anodic and cathodic direction. In their opinion the formation of kink sites is not ratedetermining because the i, obtained from extrapolation of the Tafel line was identical with the value from experiments at very low overpotential. The same mechanism was also found by other workers from steady state measurements[I7].
Their results from transient measurements, however, were not consistent with this mechanism. This is a good example of the contradictory information regarding the kinetics of the zinc electrode.
About the amalgamated electrode as used in actual battery systems, almost no kinetic information is available. Dirkse has performed some experiments [IX] in order to prove that in this case charge transfer is rate-determining, and not the formation of kink sites. The amalgamated electrode must then be regarded as a "liquid", which implies that kink site formation cannot play a role in the electrode processes. He found that indeed the amalgamated electrode gave rise to higher current densities than the zinc electrode for a given overpotential.
The resulting mechanism has the same reaction sequence as for the zinc electrode, only the RDS is now shifted to reaction D.11. More information is available about the mechanism of the zinc amalgam electrode. The question arises, however, if these results can be applied to the amalgamated zinc electrode; amalgam experiments make use of a mercury drop in which a small amount of zinc is dissolved, being the reverse of an amalgamated electrode, in which a small amount of mercury is introduced onto solid zinc. Even the proposed mechanisms for zinc amalgam are contradictory, Payne and Bard[19] suggest a similar mechanism as that of Dirkse and Hampson (Znkmk written as Zn) with conclusions drawn from potential step chronocoulometry, dr polarography and potential sweep voltammetry experiments, followed by thorough mathematical analysis. However, Despic et al.
[ZO] suggest a mechanism with a chemical step between two electron transfer reactions as the RDS. Moreover, they consider water as a reaction partner.
EXPERIMENTAL
The zinc electrode and the amalgamated electrode were studied by means of the galvanostatic transient technique in alkaline solutions with concentrations ranging from 1.5 to 10 M KOH and in KOH-KF electrolytes at constant ionic strength. The zincate concentration was varied from 0.01 I to 0.4 M.
The cell
All experiments were performed in the cell given in Fig. 1 . The total cell volume was approx. 60 ml. The counter electrode (CE) was made of zinc (99.9% Merck) in order to maintain the zincate concentration as constant as possible. As a reference electrode (RE) a Hg/HgO-electrode was used having the same electrolyte as used in the cell. All potentials are given with respect to this electrode. In general, the distance between the WE and the tip of the Luggin capillary-RE system was 2 mm in order to avoid shieldini of the electrode. Before each measurement nitrogen was bubbled through the cell to remove dissolved oxygen. All experiments were performed at room temperature (20°C). 
The electrode
The electrode consisted of a polycrystalline zinc rod (99.9 "/, Merck) machined to 6 mm diameter and embedded in KEL-F. This type of electrode construction was used both for the zinc electrode and the amalgamated electrode.
Electrode pretreatment
The zinc electrode was first mechanically polished using Sic paper 600. After this treatment, the electrode was electrochemically etched in the electrolyte under investigation by varying the potential three times from -800 to -1600mV us Hg/HgO and back (scanrate 50 mV s-I). During this scan much more zinc dissolved into the solution than was deposited on the surface. The result was a shiny electrode in which the separate grains could be clearly discerned. The amalgamated electrode was prepared as foIlows; the electrode was polished using Sic paper 600 and then diamond paste 3 pm. The electrode was amalgamated by immersing it for 60 s into a solution of 0.3 g HgCl, in log acetone. The resulting black film on the electrode surf&e was wiped off, the electrode was rinsed with double distilled water and electrochemically etched in the same way as the zinc electrode. Before each experiment the electrode was amalgamated and pretreated anew.
Solution preparation
The zincate solutions were prepared from analytical grade chemicals (p.a. Merck) and double distilled water. For the experiments at constant ionic strength KF (p.a. Merck) was used,
Measuring technique
The galvanostatic pulse technique was used, with a pulse time of 5 ms or shorter. The set-up is based on a concept of Bockris et al. [21] . The cathodic set-up is depicted in Fig. 2 .
Fig. 2. The experimental set-up for experiments in cathodic
direction.
In order to be able to apply currents up to 8 A, the high power Darlington transistor MJ901 was used, the type number of Zener diode Z was BZX 55C 6V2. The anodic set-up is similar, however, the Zoner diode, the accumulator and the collector-emitter were placed in reverse order; in this case the transistor type number was MJlOOl. With these circuits excellent rectangular current pulses were obtained. The programmer was a PAR potentiostat programmer model 175 and the oscilloscope a Tektronix model 535A.
RESULTS FOR THE ZINC ELECTRODE

E-t transients
In both the anodic and cathodic Tafel region a distinct plateau (after charging of the double-layer) was observed for the transients. The ohmic potential drop, which could be read directly from the oscilloscope screen, could not be neglected since it occasionally exceeded several times the values for the activation overpotential; the transients obtained at very low current densities did not reach a constant value after charging of the double-layer. This makes extrapolation to zero-time hazardous, thus, no values for i, were calculated from these experiments. At very high current densities the overpotential increased linearly with time after charging of the double-layer, due to concentration polariition [22] .
In this case the linear region was extrapolated to zero-time and the zero-time value was used for calculating the activation overpotential. Sometimes a small maximum was observed in the transient. The possibility of the appearance of such a maximum in the transient for multistep reactions was evaluated by Plonski [23] for several theoretical models. According to Sel&nger [24] the maximum can be explained by polymerization of zinc species at the electrode surface. The appearance of the maximum had almost no effect on the extrapolated value of the activation overpotential.
It was noted that the activity of the zinc electrode appeared to be a function of the waiting time at the restpotential. This activity, reflected in the i, value, decreased with increasing waiting time. It was tried to find a pretreatment which would yield a reproducible electrode surface; applying a high anodic prep&e of 5OOOAm-" did not have the desired result, nor did cathodic reduction with hydrogen evolution in 1 MKOH as recommended bv Bockris et af.rl61. It seems, therefore, that the act&ity of the electrode is determined by its actual surface state. Consequently, in order to get as reproducible results as possible, it was decided to perform the measurements after 30 min waiting time at the restpotential. Within a single measurement the Tafel slope did not depend on i,,. Values for the capacity of the double-layer, calculated from the slope of the tangent at the very beginning of the transient, were very high (several hundreds PF cn-') and showed little variation with solution composition.
Tafel lines
In general, the applied current densities did not exceed 5ooO A rnw2. Measurements at higher i were not possible due to fast occurring concentration polarization, making the extrapolation to zero-time impossible. Examples of results for the zinc electrode in the anodic and cathodic directions are given in In Table 2 the restpotentials of zinc us Hg/HgO are It is necessary to use activities (so to know the activity given as a function of KOH concentration.
The zincate coefficients) instead of concentrations as done by most concentration was 0.1 M. The restpotentials showed authors, because here very high concentrations were some fluctuations, probably due to the interference of used. The fact that the reaction order is defined at hydrogen evolution. Because the corrosion current is constant potential E causes difficulties in the measurelow and i. of the zinc/zincate couple is high, the ment of p with respect to OH-; in order to plot the restpotentials will differ only slightly from the equilib-Tafel lines with respect to the same reference electrode, rium potentials.
These equilibrium potentials were the change in equilibrium potential must be known as a calculated according to the Nernst equation, using the function of KOH activity. This change cannot be Davies equation [25] for the activity coefficients, since measured directly since the potential of the RE also the activity coefficients of KOH and I& Zn (OH),, in changes with the KOH activity. which almost coincided with the-measured values of Akerlof and Bender [26] .
The best agreement was found for i3 = 0.275. The values for the activity coefficients of zincate were also calculated with this equation. For the activity of water, values obtained for NaOH solutions were adopted [27] .
The activity of the solids (Zn, Hg, HgO) was considered to be unity. The calculated equilibrium potentials are presented in Table 3 .
From Tables 2 and 3 one can see that the agreement is excelIent. The restpotentials as a function of zincate concentration in 7 M KOH are given in Table 4 . In this table are also shown the calculated values using, again, the Davies equation. From Table 4 , one can see that here also the agreement between the measured and the calculated restpotentials is good.
Reaction order in hydroxyl ions
Because the fluctuations of i0 are a function of the surface state of the electrode, reaction orders have to be determined from measurements at the same electrode. At each concentration, a galvanostatic run was made to obtain the Tafel lines. After completion of the experiment, the first solution was tested again; indeed the Tafel line was not shifted more than 10 mV. The reaction order with respect to species j, is defined as follows: 
The activity coefficients can be obtained from Equation (1). In Table 5 
Reaction orders in zincate
In contrast to the experiments at different KOH concentrations the reaction order in zincate can be measured directly. In these experiments the zincate concentration was varied from 0.011 to 0.4 M, in 7 M KOH. Again activities have to be used instead of concentrations. However, since the ionic strength is about the same for the different solutions, the activity coefficient of zincate should not vary with the zincate concentration. Therefore, we suppose it makes no difference now, whether activities or concentrations are used for the determination of the reaction orders in zincate, The results in the cathodic direction are given in Fig. 5 . The measured cathodic p-value in zincate is 1.3. The same experiment in anodic direction gave a value of 0.
Experiments at a constant ionic strength
In order to eliminate the effect of changes in the activity of water as a function of the KOH concentration, experiments were performed at a constant ionic strength of 10M. As a supporting electrolyte KF was used. Although the changes in the activity of water can be significant, the results showed that these changes did not make any difference for the zinc electrode reaction. The Tafel slopes remained constant; i0 kept the same order of magnitude.
RESULTS FOR THE AMALGAMATED ELECTRODE
The transients of the amalgamated electrode were different from those obtained at the zinc electrode. First of all, the rise time of the transients was much smaller, caused by a smaller value of Co, and not by an increase of i,. In general, the values for Co, were about ten times smaller than in the case of the zinc electrode. Another difference was the behaviour at very low i. In contrast to the zinc electrode a distinct plateau in the E-t transient was observed, thus values for i, could also be obtained from measurements at low ovcrpotential. In Fig. 6 the results of three separate experiments at low overpotential are presented. It can be seen that, again, the activity of the electrode (iO) is a function of the actual surface state.
Tafel lines
The Tafel lines were measured for four different KOH concentrations. Typical examples of these experiments are given in Figs 7 and 8 (for the anodic and  cathodic situation respectively) 
. The deviation of the linear region from the anodic Tafel line was probably brought about by a change in the surface state of the electrode caused by the passage of such a high current.
The results of the complete semis of experiments are summarized in Table 6 . The anodic Tafel slope is 30 + 5 mV; the cathodic one appears to depend on the KOH concentration. At concentrations up to 3 M, 115 
Restpotentials
In Table 7 the restpotentials of the amalgamated electrode are given as a function of KOH concentration. It can be seen that these values are approx. 15 mV more negative than the values for zinc. This is probably caused by a change in E" and/or the activity of Zn, due to amalgamation.
Reaction orders in hydroxyl ions In this case too, the reaction orders cannot be measured. The i, was virtually pH independent:
(;&g;")= -0.1 to +0.2.
The reaction orders in the hydroxyl ion can he calculated according to Equations (4) and (5). The resulting values are 3.1& 1.1 for the anodic p. The cathodic p was -0.8 + 0.3 for KOH concentrations up to 3 M, and -1.6 f 0.6 for 10 M KOH.
Reaction orders in zincate
Since the cathodic Tafel slope is a function of the KOH concentration, the p in zincate was measured both in 3 M and 10 M KOH in the same way as for the zinc electrode. Both experiments gave a value of + 0.9 for the cathodic p. In the anodic direction this value was 0.
Experiments at constant ionic strength
In contrast to the results for zinc, the ionic strength had a distinct influence on the kinetics of the amalgamated electrode. The anodic Tafel slope remained the same, but the cathodic slope was SO-59 mV for the whole KOH concentration region. The i,, was pH independent.
CHARACTERIZATION OF THE AMALGAMATED ELECTRODE
To characterize the amalgamated electrode two facts are of importance, viz. the total amount of mercury on the surface and the distribution of the mercury over, and in, the zinc. The total amount of mercury on the electrode surface was measured as follows; ten thin circular zinc discs (diameter 8 mm) were amalgamated under the conditions given above. Thereafter, the discs were dissolved in 25 ml concentrated nitric acid and the mercury concentration of this solution was measured by atomic absorption. The mercury content of the zinc electrode was 0.9 mgcm-*.
Second, it was investigated whether the mercury forms alloys with the zinc on a time scale of a few h. The X-ray diffractograms (Cu, Ka) of the zinc electrode and the amalgamated electrode did not show any difference. Moreover, the calculated values for the lattice constants almost coincided with the values on the ASTM card of zinc, thus the lattice was not stretched due to possible diffusion of mercury into the zinc lattice.
The distribution of the mercury over the zinc surface was investigated by electron probe micro-analysis. This technique did not reveal segregation of the mercury. Therefore, it must be assumed that mercury is distributed regularly over the surface. These findings agree with the results of Swift PC al. [28] . Moreover, they showed that on a time scale of a few h, no mercury will diffuse into the grains. Such diffusion had only to be taken into account after a period of four months.
DISCUSSION
The results are summarized in Table 8 . The interpretation of the results for the zinc electrode is rather straightforward.
The results are in full agreement with the mechanism suggested by Bockris et al. for KOH concentrations up to 3 M and hence in conflict with the mechanism of Dirkse and Hampson. Tafel -slopes of 40 mV in anodic and 120 mV in cathodic direction and the calculated reaction orders for OH-indicate the following reaction as RDS, in both anodic and cathodic direction.
Zn(OH);
+ OH-+ Zn(OH); + eP (B.111) Although i0 cannot be determined exactly from our experiments at low overpotentials one may conclude that the value for i,, from these experiments, and from experiments at high overpotential (Tafel region) did not differ by more than a factor of three. This is in agreement with the findings of Bockris et al., who concluded from this information that kink site formation is not rate-limiting. Unfortunately, direct measurement of the reaction orders in OH-is not possible. It has become clear in our experiments that i. is virtually pH independent. This is again in agreement with the findings of Bock& et al. and contradicts measurements of Dirkse, who obtained a maximum at 7 M KOH[lO].
The same applies to the measurement of the reaction orders in zincate, Fig. 5, which reveal that The differences in the i0 values from our work and that of others must be attributed to differences in electrode pretreatment and the measuring period. The highest values for i, were obtained when short measuring periods (ps range) were used. Bockris et al. reported values of W-3700 Am-' in electrolytes from 0.i to 3 M KOH. The fact that Dirkse et al. did not obtain straight Tafel lines at hieh overootentialsrlrll is probably c&sed by the fact th;?t the ohmic pot&t&ldrop was not taken into account. Our experiments showed that the I&drop certainly cannot be neglected. The ionic strength has no influence on the mechanism and the kinetics of the zinc electrode.
The explanation of results for the amalgamated electrode is not equally straightforward.
The formation of kink sites is of no importance since i, values measured in experiments at low and very high overpotentials are the same. The results at a constant ionic strength suggest that water participates as a reaction partner. On the basis of this assumption, and the obtained Tafel slopes, we propose the following mechanism in which the reacting species, adsorbed at the electrode, is the water-containing species ZnC(CJWJH,O),IZ-:
In anodic direction reaction (P.1) is rate-determining, independent of the ionic strength. The shift in the cathodic Tafel slope from 120 to 60 mV, when going to high KOH concentrations, can be explained if (c -d) is smaller than (b-c).
At high KOH concentrations, there is almost no free water present, so reaction (P.111) will proceed faster than reaction (P.11). Consequently, the Tafel slope changes from 120 to 60mV. At a constant ionic strength of 10 M there is no free water available in each solution, thus reaction (P.111) will be the RDS over the whole concentration range. The question arises what causes the different behaviour of the zinc and the amalgamated zinc electrode, since the ionic strength does not have any influence on the behaviour of the zinc electrode. In our view, this change is caused by a difference in adsorption because the double-layer capacities differ by a factor of ten. The high double-layer capacity of the zinc electrode suggests that the electrode is covered with adsorbed OH-ions. The capacity of the amalgamated electrode approaches the value for pure mercury. This implies that the surface of this electrode is mainly covered with adsorbed water molecules. Consequently, the water activity only influences the amalgamated electrode and at the zinc electrode only OH-is involved. Thus, the difference in the mechanism of the zinc electrode and the amalgamated electrode is caused by a change in adsorption behaviour, rather than by easier formation of kink sites due to the amalgamation.
